The specific role of cadherin receptors in cytotoxicity involving Cry toxins of Bacillus thuringiensis and their interactions with cell membrane has not been defined. To elucidate the involvement of toxin-membrane and toxinreceptor interactions in cytotoxicity, we established a cellbased system utilizing High Five insect cells stably expressing BT-R 1 , the cadherin receptor for Cry1Ab toxin. Cry1Ab toxin is incorporated into cell membrane in both oligomeric and monomeric form. Monomeric toxin binds specifically to BT-R 1 whereas incorporation of oligomeric toxin is nonspecific and lipid dependent. Toxin oligomers in the cell membrane do not produce lytic pores and do not kill insect cells. Rather, cell death correlates with binding of the Cry1Ab toxin monomer to BT-R 1 , which apparently activates a Mg 2 þ -dependent cellular signaling pathway.
Introduction
Protein toxins are major virulence factors for many bacterial pathogens that cause diseases in plants and animals. 1, 2 Toxins affect host cells primarily in two ways. They form lytic pores in cell membrane by self-assembly of toxin oligomers or they elicit toxic reactions in cells through various events, including signal transduction, altered metabolism and inflammation. [1] [2] [3] In either situation, toxin molecules may incorporate into cell membrane as oligomers like the lytic pore-forming toxins and the A-B family of toxins. [4] [5] [6] [7] [8] X-ray crystallographic studies have shown that toxin oligomer complexes most likely assemble in b-barrel or umbrella-like channels in lipid membranes. [9] [10] [11] [12] However, the involvement of such oligomers in cell death is not well understood because most toxin oligomer complexes themselves apparently do not punch holes in membrane and do not simply cause cell death by lysis. 13, 14 Instead, the interaction of toxins with cells involves complicated pathways, the end result of which is cell death. [15] [16] [17] The Cry proteins of Bacillus thuringiensis (Bt) represent more than 100 phylogenetically related toxins with varied entomopathogenic activities. 18 Like many other bacterial toxins, Cry toxins incorporate into lipid bilayer rafts as well as brush border membrane vesicles (BBMV). 19 Lipid bilayerand BBMV-associated Cry toxin molecules have been reported to appear in oligomeric (dimeric and tetrameric) and monomeric forms, 20, 21 and these associations have been correlated with changes in membrane permeability. 22 The oligomeric forms of Cry toxin were presumed to be pores that cause cell death by osmotic lysis. In other words, Cry toxin action was believed to involve the formation of lytic pores that are the result of assembly of toxin molecules as oligomers in membrane. [22] [23] [24] [25] However, there is no definitive correlation between the association of Cry toxin oligomer complexes and toxic action. Studies of mutated Cry toxin proteins have shown that neither the toxin oligomer complex nor commensurate changes in membrane vesicle permeability correlate directly with toxicity. [26] [27] [28] [29] Furthermore, Cry toxin proteins can interact with lipid bilayer rafts and BBMV in the absence of a cadherin receptor, which determines specific insecticidal activity of Cry toxins.
The cadherin receptor BT-R 1 , identified in the tobacco hornworm Manduca sexta, [30] [31] [32] represents a family of cadherins that are expressed in the midgut epithelium of various insects susceptible to Cry1A toxins. Cry toxins bind to their respective cadherin receptors with high affinity and specificity, the disruption or absence of which results in loss of susceptibility to Cry toxin. [33] [34] [35] So far, the role of BT-R 1 in the cytotoxic action of Cry toxin has not been defined.
In the present study, we utilized a cell-based system consisting of High Five (H5) insect cells stably expressing BT-R 1 to determine whether toxicity of Cry1Ab is brought about by lytic pore formation or by specific interaction of the toxin with BT-R 1 . This particular cell-based system allowed us to investigate toxin-membrane and toxin-receptor interactions, along with toxin-induced cellular responses simultaneously. Results of our studies reveal that Cry1Ab toxin does form oligomeric complexes in the membranes of cells expressing BT-R 1 as well as in those of cells devoid of receptor. Toxin oligomers integrated into cell membrane do not produce lytic pores and do not kill the cells whereas monomeric Cry1Ab toxin specifically binds to BT-R 1 , activating a Mg 2 þ -dependent cellular signaling pathway that leads to necrotic cell death.
Results
Cry1Ab toxin induces cell death only in the presence of BT-R 1 H5 cells originate from undifferentiated ovarian cells of the cabbage looper Trichoplusia ni. 36 They do not express receptors for Cry toxins and Cry1Ab is not toxic to the cells. Cells expressing BT-R 1 (S5) were generated from H5 cells by establishing stabilized expression of the full-length BT-R 1 cDNA under the insect actin promoter with a nonlytic insect expression vector. BT-R 1 was expressed as a membrane protein and expression was localized in the cytoplasmic membrane of the S5 cells as determined by immunofluorescent staining using anti-BT-R 1 antibody (Figure 1a , S5). Small areas inside the cell located between the cell nucleus and cell membrane also stained positively, suggesting that expressed BT-R 1 may be present in ER vesicles. Western blot experiments with protein extracts from cytoplasmic and membrane pellet fractions of the cells also showed the presence of BT-R 1 in both fractions (Figure 1b , lanes S and P of S5, respectively). Even though the deduced molecular weight of BT-R 1 is 190 kDa, based on amino-acid sequence of the protein (NCBI access ID: AAG37912), expressed protein was detected as a 210-kDa band in S5 cells, indicating that post-translational modification of the protein is similar to that of natural BT-R 1 isolated directly from M. sexta larvae. 31 Immunoligand-binding assays using Cry1Ab toxin indicated that Cry1Ab specifically bound to BT-R 1 expressed in the transfected S5 cells (Figure 1c) . No BT-R 1 was detected in H5 cells by either immunofluorescent staining or Western blotting ( Figure 1 ).
Cry1Ab was not toxic to H5 cells. H5 cells underwent normal cell growth and cell division when they were exposed to 180 nM Cry1Ab toxin in the culture medium (Figure 2a) . Conversely, the vast majority of S5 cells were killed by 180 nM Cry1Ab toxin as seen by Trypan blue staining (Figure 2a ). In addition, toxin-exposed S5 cells exhibited dramatic morphological changes, such as altered size, shape and overall appearance. S5 cells were sensitive to Cry1Ab in a dosedependent manner (Figure 2b ). Whereas, 180 nM toxin killed most of the S5 cells (480% of the entire population), a lower concentration (15 nM) of the toxin killed only 7% of the cells (Figure 2b ). The LC 50 of Cry1Ab for S5 cells was 65 nM.
Cry1Ab oligomers insert into cellular membrane regardless of BT-R 1
Studies of artificial lipid rafts and BBMV prepared from larval midguts have shown that Cry toxins are incorporated into these lipid membranes in both oligomeric and monomeric forms. 37 The toxin oligomers, usually in dimeric and tetrameric form, are SDS-resistant and could be detected by SDS-PAGE Western blotting. 21, 26, 38 We were interested in determining whether Cry1Ab interacts with the cytoplasmic membrane of living cells in a similar way, and, if so, whether these interactions contribute to cytotoxicity. Therefore, we analyzed toxin-membrane interactions in S5 and H5 cells by examining protein samples prepared from membrane and cytoplasmic Antibody against Cry1Ab was used to detect the toxin in protein fractions corresponding to membrane pellet (P) and supernatant containing soluble proteins (S). After treatment with Cry1Ab, the toxin was detected only in the membrane pellet ( Figure 3a , lanes 4 and 6), not in the cytoplasmic fraction ( Figure 3a , lanes 3 and 5), indicating that Cry1Ab incorporates into the membrane of living cells. The dimeric (B140 kDa) and tetrameric (B240 kDa) forms of Cry1Ab were detected in the membrane fractions of both S5 and H5 cells (Figure 3a , lanes 4 and 6, black arrows), demonstrating that toxin oligomers insert into the membrane regardless of receptor. Moreover, the toxin oligomers also were SDS-resistant. Toxin oligomers remained intact irrespective of sample treatment prior to gel electrophoresis and Western blotting. Heat treatment (including boiling) in the presence of b-mercaptoethanol and SDS did not dissociate toxin oligomers (data not shown). Significantly, the monomeric form of the toxin was detected only in the membrane fraction of S5 cells (Figure 3a , lane 4, white arrow) containing BT-R 1 . Whether BT-R 1 associated with an oligomeric form of the toxin or exclusively with the monomer in situ is not known.
To better understand the difference in the Cry1Ab-membrane-incorporation profiles of S5 and H5 cells, we analyzed toxin-membrane interaction in a dose-and timedependent manner. In the dose-dependent experiments, S5 and H5 cells were treated for 1 h with different concentrations of Cry1Ab toxin before measuring toxin incorporation (Figure 3b ). Comparable levels of oligomeric (120-kDa dimer and 240-kDa tetramer, black arrows) and monomeric toxin (60 kDa, white arrow) were detected in the membrane of S5 cells when treated with different concentrations (60, 120 and 180 nM) of toxin (Figure 3b ). This result demonstrates that incorporation of Cry1Ab into S5 cell membrane does not depend on toxin concentration over the range tested. In contrast, in H5 cells, incorporation of toxin dimers and tetramers (black arrows) into the membrane fractions occurred in a dose-dependent fashion (Figure 3b ). Significantly, no monomeric form of the toxin appeared in H5 cells (Figure 3b ), confirming that incorporation of toxin monomers is unique to S5 cells expressing BT-R 1 .
To understand the dynamics of toxin-membrane interaction, incorporation of toxin by S5 and H5 cells was measured at 15 min intervals for 60 min. Incorporation profiles for monomeric and oligomeric toxin were different (Figure 3c To confirm that Cry1Ab oligomers assembled in the cell membrane of both S5 and H5 cells in a lipid-dependent fashion, we measured the incorporation of Cry1Ab toxin into protein-free liposomes composed of different lipids. As seen in Figure 3f , Cry1Ab was incorporated into liposomes in similar oligomeric forms (dimer and tetramer) as in cellular membrane ( Figure 3b ). Certain lipid components are required for bacterial toxin oligomer assembly and insertion. For example, cholesterol (Chol) and sphingomyelin (SM) are two known specific receptors for pore-forming bacterial toxins.
39,40 Therefore, we were interested in knowing whether a lipid receptor such as Chol or SM is required for toxinmembrane interaction of Cry1Ab. Cry1Ab oligomer complexes were incorporated equally into liposomes composed of different lipid molecules, with or without Chol and SM ( Figure 3f ). These results demonstrate that incorporation of Cry1Ab oligomer into cell membrane is a lipid-dependent property, which does not rely on a specific receptor, as was reported recently. To further substantiate our observations that nonspecific interaction of the Cry1Ab toxin with cell membrane does not lead to cell death and that the assembly of toxin oligomers in the membrane does not represent lytic pores, we examined the growth and division of receptor-free H5 cells after Cry1Ab treatment. In these experiments, the viability and growth of H5 cells were monitored along with the incorporation of Cry1Ab into the cell membrane for three continuous passages were examined for two generations by Western blotting using Cry1Ab antibody. After toxin treatment, H5 cells remained viable and underwent normal growth and cell division. G0 represents cells before toxin treatment. Toxin oligomers were detected in the membrane fractions of cells throughout two generations after toxin treatment, albeit in decreasing amounts. G0 þ T represents cells after toxin treatment. G1 is the first generation of cells derived from G0 þ T. G2 is the second generation of cells derived from G1. G2 þ T represents the G2 cells after treatment with Cry1Ab. Membrane-incorporated Cry1Ab oligomers were diluted from one generation to the other (Figure 3g ; initial generation (G0) þ T to second generation (G2)). This finding suggests that that membraneincorporated toxin is carried along with the cells during cell division and that toxin incorporation into the cell membrane does not harm the cells. The G2 cells contained a relatively small amount of toxin oligomers that apparently was inherited from the parent cells (first generation (G1)). The G2 cells were capable of incorporating additional toxin oligomers into their cell membrane (Figure 3g ; G2 þ T). Obviously, Cry1Ab oligomers do not represent lytic pores because they do not affect cell growth and division when incorporated into cell membrane.
Inhibition of toxin-receptor interaction prevents Cry1Ab-induced cell death
Since Cry1Ab binding to BT-R 1 on S5 cells results in cell death, we wanted to know whether inhibiting the binding of toxin to the BT-R 1 receptor averts cell death. Previously, we showed that blocking the binding of Cry1Ab toxin to BT-R 1 using the toxin-binding region (TBR) of BT-R 1 thwarts the lethal effect of the toxin in M. sexta larvae. 32, 42, 43 In this study, we used a 12 kDa fragment (Figure 4a ) containing TBR linked to maltose-binding protein (MBP), which facilitated expression and purification of the fragment (Figure 4b) . MBP did not interact with the toxin (Figure 4b ). The Cry1Ab toxin was bound specifically to TBR as shown by immunoligand binding analysis (Figure 4b) . Therefore, we used the TBR to inhibit binding of Cry1Ab to BT-R 1 in living cells. Blocking the receptor active site of the toxin with equimolar TBR prevented toxin from binding to BT-R 1 on the S5 cells (Figure 4c, inset) . Also as seen in Figure 4c , toxicity decreased in a dosedependent manner when S5 cells were treated with different molar ratios of TBR and Cry1Ab (0.25 : 1-2 : 1) premixed for 30 min. Toxicity was inhibited maximally when soluble TBR was present at a 1 : 1 M ratio with Cry1Ab or higher (Figure 4c) .
Importantly, when binding of toxin to the receptor was blocked by the TBR, no monomeric Cry1Ab toxin was detectable in S5 cell membrane whereas oligomers of the toxin were readily apparent (Figure 4d) . Evidently, the Previously, we showed that calcium is required to maintain the structural integrity of BT-R 1 44 and that binding of Cry1Ab toxin to BT-R 1 inhibits calcium-induced adhesion of midgut epithelial vesicles derived from M. sexta. 45 We were interested in knowing whether the binding of Cry1Ab toxin to BT-R 1 and subsequent cell death are dependent on calcium ions. To answer this question, we tested the binding of toxin to BT-R 1 of S5 cells in the presence of the divalent cation chelators ethylenediaminetetra-acetic acid (EDTA) and ethylene-glycol-bis(2-aminoethyl ether)-N,N,N,N 0 -tetraacetic acid (EGTA). The presence of EDTA (5 mM) and EGTA (5 mM) did not affect the binding of Cry1Ab toxin to BT-R 1 as determined by immunoligand blots using Cry1Ab antibody (Figure 5a) . To examine what effect Cry1Ab has on S5 cells in the absence of extracellular Ca 2 þ , S5 cells were preincubated with 5 mM EDTA or EGTA and then treated with toxin. Neither EDTA nor EGTA itself adversely affected the S5 cells (data not shown). As can be seen in Figure 5b , toxin was readily incorporated into cell membrane as both oligomers (black arrows) and monomer (white arrows). The amount of toxin oligomer and monomer incorporated into cell membrane was similar to that for cells not treated with EDTA or EGTA. Toxin was not detected in the soluble portion (Figure 5b , S; also see Figure 3a , S) of the cell lysates, suggesting that the toxin is localized in the membrane and is not internalized across the cell membrane. Fluorescent microscopic analysis confirmed that the interaction of Cry1Ab with the S5 cells was not affected by removal of Ca 2 þ , or any other divalent cation, by EDTA or EGTA (Figure 5c ).
Although toxin-receptor and toxin-membrane interactions are not dependent on calcium, it was surprising to see that EDTA, not EGTA, completely abolished toxin-induced death (Figure 5d) . Apparently, binding of Cry1Ab to BT-R 1 , which is requisite for cytotoxicity, is linked to a Mg 2 þ -dependent signaling pathway associated with cell death.
Discussion
The postulated mechanism of Cry toxin action is that oligomerized toxin inserts into the cell membrane and forms lytic pores, which brings about a drastic ion flux that disrupts and destroys the epithelial cells lining the midgut of a susceptible insect. 22, 25 This assumption is based on studies of Cry toxin interaction with synthetic lipid rafts and BBMV prepared from insect midgut tissue. 46 Although this mechanism, as proposed, has been generally accepted, no direct relationship between pore formation and cytotoxicity has been demonstrated because artificial membrane systems are not physiologically active. More importantly, the participation of a cadherin receptor such as BT-R 1 has not been reconciled in the pore formation scenario. Since the primary determinant of cytotoxicity is binding of toxin to a specific receptor, the involvement of receptor cannot be dismissed. Certainly, correlations made between the formation of a toxin oligomer complex in membrane and cytotoxic action are not consistent. For example, (i) Cry toxin can insert into bilayer lipid rafts and BBMV irrespective of toxin receptors, 20 (ii) toxin oligomer complexes can form in BBMV prepared from insects that are not susceptible to Cry toxin 29, 47 and (iii) Cry toxin mutants that are not insecticidal induce changes in membrane permeability similar to wild-type toxin. 27, 28 In the present study, we used an H5 insect cell-based system that allowed us to simultaneously correlate toxinreceptor and toxin-membrane interactions with cellular responses associated with cytotoxicity. An important distinction of this system is the ability to examine incorporation of Cry1Ab toxin into cell membrane and to monitor the interaction of the toxin with BT-R 1 in live insect cells. We learned that Cry1Ab toxin is incorporated into cell membrane in oligomeric (dimeric and tetrameric) forms in cells stably expressing BT-R 1 (S5) as well as in receptor-free (H5) cells (Figure 3a) . Importantly, the Cry1Ab toxin killed S5 cells but not H5 cells. Cytotoxicity and cell death were the direct result of univalent binding of toxin monomers to BT-R 1 expressed on the cell surface. The oligomeric form of Cry1Ab toxin was not involved in the cytotoxic pathway. Blocking the interaction of monomeric toxin with BT-R 1 prevented toxicity and cell death but it did not interfere with incorporation of oligomeric toxin into the cell membrane (Figure 4d ). H5 cells devoid of BT-R 1 remained viable upon exposure to Cry1Ab (up to 800 nM) and continued to grow and divide successfully (Figure 3g ). That toxin molecules were incorporated into the cell membrane of H5 cells as oligomers and were maintained there through several generations without any consequence to the cells is noteworthy. We also observed toxin oligomers in protein-free liposomes, indicating that such incorporation is lipid-and not receptor-dependent. Most significantly, incorporation of Cry1Ab oligomers into cell membrane does not result in the formation of lytic pores and, therefore, argues against the 'pore-formation model' postulated previously. [22] [23] [24] [25] In the pore-forming model of Cry toxin action, the toxin monomers are considered precursors to oligomeric assembly. 21, 25 The formation of toxin oligomer also has been postulated to be the result of the interaction of monomers that were bound to the cadherin receptor. 48 Our results clearly show differential association profiles for the oligomeric and monomeric forms of Cry1Ab toxin in cell membrane, the consequence of two distinct modes of interaction with the insect cells. Both monomers and oligomers were associated with S5 cells expressing BT-R 1 whereas no monomers, only oligomers, were associated with H5 cells devoid of the receptor (Figure 3a-d) . Indeed, the two forms of the toxin appear to be mutually exclusive relative to toxin action because binding of monomer to BT-R 1 on S5 cells, along with cytotoxicity, was precluded by the TBR without inhibiting oligomer incorporation into membrane. Moreover, binding of toxin monomers to BT-R 1 on S5 cells was extremely rapid, regardless of toxin concentration, reaching saturation immediately after addition of toxin (Figure 3c-e) . In contrast, the assembly of oligomers in cell membrane with or without BT-R 1 was similar. Incorporation of toxin oligomers was dose-and time-dependent, with incorporation continuing over an extended period of toxin exposure (Figure 3b-e) . These findings contradict the notion that membrane-associated monomers are precursors to oligomer assembly. 48 Our studies are the first to demonstrate two distinct modes of interaction between Cry1Ab toxin and insect cells. One interaction is receptor independent and promotes assembly and insertion of toxin oligomers into cell membrane and the other involves univalent binding of toxin monomers to BT-R 1 , the latter of which leads to cell death.
The binding of toxins and microbial surface components to receptors on host cells is a crucial step in most bacterial infections that allows bacterial invasion by avoiding or subverting normal cell defense functions. Many bacteria have evolved to recruit host cell surface receptors that are linked to critical cellular mechanisms, such as signal transduction pathways, to trigger aberrant responses including inflammatory reactions, cytoskeletal rearrangement and cell death. [1] [2] [3] An intriguing result of our studies is that binding of Cry1Ab toxin to the cadherin receptor BT-R 1 on insect cells promotes cytotoxicity associated with magnesium-dependent cellular responses. In fact, cytotoxicity brought about by Cry1Ab appears to depend strictly on magnesium because the absence of magnesium prevented cell death even though the toxin bound to BT-R 1 ( Figure 5 ). Removal of magnesium did not interfere with the incorporation of toxin oligomers and monomer into cell membrane (Figure 5b ). These findings demonstrate that the interaction of toxin with the receptor is prerequisite, but not sufficient, to induce cytotoxicity, which apparently is linked to magnesium-dependent cellular responses. Recently, Cry1Ab toxin was shown to bind equally to toxin-susceptible and toxin-resistant cells, substantiating that neither resistance of cells to the toxin nor cytotoxicity can be Cry1Ab cytotoxicity X Zhang et al explained solely by toxin binding. 49 Our results support the view that cytotoxicity is mediated by binding of toxin to BT-R 1, which triggers magnesium-dependent cellular responses that lead to cell death.
We propose a new model for the action of Cry toxins ( Figure 6 ). According to the model, there are two distinct modes of interaction between toxin and target cell. In one mode, Cry toxin molecules are assembled as oligomers in the cell membrane. This interaction is lipid dependent and nonspecific and does not lead to cell death. In the other mode, toxin monomer binds to BT-R and triggers a magnesium-dependent signaling pathway that ultimately leads to cell death. Our model argues that toxin oligomers formed in cell membrane represent products of nonspecific interaction between toxin and lipid membrane components and, apparently, poses no harmful effects on the host cell. The model agrees with the paradigm for many bacterial toxins that challenge host cells by targeting cell surface receptors and manipulating critical reactions associated with various cellular responses.
1,2 Obviously, cells can alter these responses and enable themselves to avoid toxin action. In fact, recent studies with another member of the Cry toxin family, Cry5B, showed that exposure of cells to Cry toxin induces changes in a mitogen-activated protein kinase pathway and stimulates cellular defenses necessary in coping with toxin attack. 15 The high affinity and specific binding of Cry1Ab to BT-R 1 indicates that BT-R 1 , indeed, is the cell surface ligand recruited for targeting host cells. 31, 50 BT-R 1 homologs are the principal determinant for Cry1A toxin action in lepidopteran insects. [30] [31] [32] [33] [34] [35] No BT-R 1 homologs has been identified in vertebrates, suggesting that these particular cadherin receptors represent a unique family of proteins in invertebrates, particularly insects, and may explain why Cry toxins are not toxic to mammalian cells. Perhaps, Cry toxins once constituted virulence factors with the ability to destroy cells through oligomerization and incorporation of toxin molecules into cell membranes. Clearly, Cry toxins have gained specificity as well as efficiency in exerting cytotoxicity through selectively interacting with certain surface molecules on insect cells. Elucidation of the molecular mechanism of Cry toxin action and the cellular events involved in cytotoxicity is critical to understanding host specificity and to more intelligent use of Cry toxins to control pest insects in a safe and environmentally compatible manner.
Materials and Methods

Preparation of Cry1Ab toxin
Cry1Ab toxin was prepared as previously described 31 by tryptic digestion of protoxin obtained from the parasporal crystal of Bt subsp. berliner.
Cell cultures
H5 cells (Invitrogen) were cultured as a monolayer in 25-cm 2 tissue culture flasks containing 5 ml of insect-Xpress medium (Cambrex) supplemented with gentamycin (10 mg/ml). G418 (800 mg/ml) was used to select for and maintain transfected cells.
Cloning and expression of BT-R 1
The cDNA encoding BT-R 1 (GenBank: AF319973) was cloned into the plasmid pXINSECT-DEST38 (Invitrogen). H5 cells were cotransfected with the recombinant plasmid and pBmA:neo (1 : 20 ratio) (Invitrogen) using the transfection reagent Cellfectin (Invitrogen). A single clone designated as S5 that was resistant to G418 was selected for subculturing 
Cloning and purification of TBR
The region encoding the toxin-binding site (TBR) of BT-R 1 (residues: 1349-1460) was cloned into the pMal plasmid (New England Biolabs) for expression in Escherichia coli as an N-terminal MBP fusion protein. The protein was purified by anion-exchange chromatography followed by affinity chromatography on amylose resin. The MBP fusion partner was removed by digestion with thermolysin protease.
Assay for cytotoxicity
Cells were seeded in 96-well plates (1 Â 10 4 cell/well) and allowed to grow attached to the surface of the plate bottom. Growth medium was replaced with fresh medium containing Cry1Ab at various concentrations and the cells were incubated for 4 h. Cell death was determined by Trypan blue exclusion. In all, 10 ml of Trypan blue (0.4%, wt/vol) were added directly to each well and incubated for 5 min. Stained cells were viewed immediately under a microscope (Nikon TE600) and photomicrographs were taken with an RTE/CCD-1300 camera (Roper Scientific) at Â 200. Cells were not detached from the plate bottom within the time of observation and photographing. Microphotographs were analyzed by using imaging software (MetaMorph 4, Universal Imaging) to count the number of blue-stained dead cells (NB) and transparent viable cells (NT), respectively. Cytotoxicity was calculated by the ratio NB/(NB þ NT).
Preparation of cell extracts
Toxin-treated and untreated cells (1 Â 10 6 ) were washed in PBS (41C) and lysed in CytoBuster protein extraction reagent (Novagen). Cell lysates were centrifuged at 13 000 Â g for 10 min at 41C and the supernatants were collected as soluble fraction. The membrane pellets were dissolved in membrane protein buffer (5 M urea, 2 M thiourea, 2% (w/v) 3[(3-cholamidopropyl)dimethylammonio]-propanesulfonic acid (CHAPS), 40 mM Tris Á HCl) and collected as membrane fraction. The S5 and H5 cells were incubated with Cry1Ab at a specified concentration and time before preparation of cell extracts for measurement of toxin incorporation. All cell extracts were freshly prepared for Western and immunoligand blotting analysis.
Preparation of liposomes
Egg phosphatidylcholine (PC), brain phosphatidylserine (PS), brain SM and Chol were purchased from Avanti Polar Lipids. Liposomes with different lipid compositions were prepared according to the manufacturer's instructions. The liposomes were hydrated in PBS buffer by vortexing. For toxin-incorporation analysis, the liposomes were incubated with Cry1Ab (180 nM) for 2 h and the mixture was then incubated in SDS sample buffer for 10 min at 951C before Western blot analysis.
Western and immunoligand blotting analysis
Western blots were carried out using equal amounts of protein (10 mg) separated on 7% SDS-PAGE and transferred to polyvinyl difluoride (PVDF) membrane (Millipore). Before loading on the gels, protein samples were mixed with equal amounts of 2 Â loading buffer (2% (w/v) SDS, 5 M urea, 2 M thiourea, 4% (w/v) CHAPS, 100 mM TrisHCl, 20% glycerol, 10 mM b-ME, 0.03% (w/v) bromophenol blue) by vortexing for 1 min at room temperature with or without boiling. Detection was accomplished using primary antibodies against BT-R 1 or Cry1Ab, followed by incubation with horseradish peroxidase-coupled secondary antibodies (Sigma). Proteins were visualized by ECL plus detection reagent (Amersham). Immunoligand blots were performed with Cry1Ab and protein extracts from H5 and S5 cells. After the protein samples were transferred from gel to PVDF membrane, the membrane was incubated with Cry1Ab toxin (3nM) in blocking buffer for 1 h and washed three times in PBS-T. Detection of bound toxin molecules was accomplished using antibody against Cry1Ab.
Immunofluorescent staining
After growing over night in 8-well glass chambers, toxin-treated and untreated cells were washed in PBS and fixed in 4% parafomaldehyde solution (PFA). Fixed cells were permeabilized with 0.2% Triton X-100 at room temperature. The cells were rinsed three times and blocked with 1% BSA in PBS for 30 min. The cells were incubated with antibodies against BT-R 1 or Cry1Ab followed by the Alexa Fluor 488 chicken anti-rabbit IgG antibody (Molecular Probes), and then postfixed in 4% PFA containing 2 mg/ml of Hoechst 33342 stain (Molecular Probes). The stained samples on glass slides were viewed under a fluorescence microscope (Nikon TE600) and microphotographs were taken with an RTE/CCD-1300 camera (Roper Scientific) at Â 400.
